Myeloproliferative neoplasms (MPNs) are clonal disorders of hematopoiesis characterized by a high frequency of genetic alterations and include chronic myeloid leukemia (CML) and the BCR-ABL1-negative MPNs. Herein we summarize recent advances and controversies in our understanding of the biology and therapy of these disorders, as discussed at the 8 th post-American Society of Hematology CML-MPN workshop. The principal areas addressed include the breakthrough discovery of CALR mutations in patients with JAK2/MPL wild type MPN, candidate therapies based on novel genetic findings in leukemic transformation and new therapeutic targets in MPNs, and an appraisal of bone marrow histopathology in MPNs with a focus on the potential new clinical entity of " masked " polycythemia vera. An update on clinical trials of Janus kinase (JAK) inhibitors is presented as well as current understanding regarding the * Dedicated to John M. Goldman
Introduction
The chronic myeloproliferative neoplasms (MPNs) include chronic myeloid leukemia (CML), primary myelofibrosis (PMF), essential thrombocythemia (ET) and polycythemia vera (PV). As knowledge on these disorders continues to evolve, new preclinical and clinical challenges have been identified [1] . Following the unraveling of the molecular pathogenesis of CML in the 1980s, tyrosine kinase inhibitors (TKIs) entered the clinic for patients with chronic myeloid leukemia (CML) [2] [3] [4] . While the results have proven very impressive, it is easy to forget the considerable initial skepticism about the possible clinical value of TKIs in the early 1990s. Today the estimated long-term survival for CML patients receiving TKIs approaches ~85%. With this backdrop, when the genomic landscape in the BCR-ABL1-negative MPNs began to unfold in 2005, there was much enthusiasm surrounding the entry of the JAK inhibitors into the clinics for patients with myelofibrosis (MF) [5, 6] . So far these compounds have met a qualified success [7, 8] . Here, we briefly summarize recent advances in knowledge related to MPN biology and indicate where they may have important therapeutic implications as discussed at the 8 th post-American Society of Hematology CML-MPN workshop, which took place in New Orleans, Louisiana, USA on December 10-11, 2013 and updated at the 16th John Goldman European School of Hematology CML Conference, Philadelphia, PA on 5 -7 September 2014.
Evolving insights into the BCR-ABL1-negative myeloproliferative neoplasm genomic landscape
Although the precise details of the initiating events in BCR -ABL1-negative MPNs remain elusive, mutations in JAK2 and MPL have been associated with this and the pivotal importance of the JAK -signal transducer and activator of transcription (STAT) pathway is now recognized [9] . A considerable proportion of cases with PMF and ET diagnosis, however, do not contain JAK2 V617F , JAK2 exon 12 or MPL mutations. These patients with JAK2 and MPL wild-type were the focus of two independent whole-exome sequencing studies that identified mutations in the CALR gene encoding calreticulin ( Figure 1 ) [10, 11] . CALR mutations are present in ~ 35% of cases of PMF and 25% of ET, all of which are wild-type for JAK2 and MPL. Thus, JAK2, CALR and MPL mutations are present in _ 90% of all cases of MPN. With the exception of a few patients with refractory anemia with ringed sideroblasts associated with marked thrombocytosis (RARS-T), CALR mutations have rarely been reported in patients with PV and other leukemias or solid tumors. CALR mutations cluster in exon 9 and consist of deletions and insertions of variable size. Two CALR mutations (del52 and ins5, also known as type 1 and type 2 mutations) are present in 85% of all CALR mutant cases, but many other lower frequency insertion/deletions have been identified [12] . These mutations are typically present at ~ 50% allele burden, although type 2 mutations can be rendered homozygous by mitotic recombination. Clonal analysis of individual hematopoietic colonies from patients with MPN suggests that CALR mutations tend to occur early during disease evolution.
Despite the mutational variability, the impact on CALR protein sequence is relatively uniform, as the CALR insertions and deletions result in a frameshift to a specific alternative reading frame of exon 9. This frameshift generates a novel C-terminus of the mutant CALR protein rich in arginine and methionine that coverts the net charge from negative to positive. In addition, the mutant CALR lacks the last four C-terminal amino acids' (KDEL) endoplasmatic reticulum (ER) retention signal, which results in dislocation of at least a proportion of the mutant CALR from the ER. Mutations in CALR activate JAK -STAT signaling, although the underlying mechanism remains unclear. Consistent with JAK2 activation, a JAK2 inhibitor impaired the proliferation of Ba/F3 cells expressing mutant CALR. Thus, the hallmark of all three major MPN-associated mutations is activation of the JAK -STAT signaling pathway. In both PMF and ET, some patients with CALR mutation tend to be younger at diagnosis, have less severe cytopenias and appear to have a better prognosis.
Cazzola and Kralovics recently hypothesized that each MPN genotypic entity arises from an initial ET phenotype [12] . In this model, clonal evolution of JAK2 V617F -mutant MPNs may involve a phenotypic switch from ET to PV, and later PV to MF. Moreover, MPL-and CALR-mutant MPNs may be responsible, possibly with some other cooperating mutations, for a phenotypic switch from ET to MF (Figure 2 ). This model, based on the role of megakaryocytes in the pathophysiology of MPNs, would support the notion of an initial ET phenotype, which later may transit from one subtype to another, with MF being the result of late stage evolution. Skoda and colleagues very recently demonstrated, in a murine model, how the deletion of STAT1 in the presence of JAK2 V617F alters the phenotypic manifestations by reducing megakaryopoiesis and promoting erythropoiesis, most likely via the interferon gamma/STAT1 pathway [13] . Clearly much additional work is required to validate (or refute) the various hypotheses.
New insights into mechanisms of leukemic transformation in myeloproliferative neoplasms
Transformation to acute leukemia may occur at a late stage in the evolution of all MPNs. In CML, the risk of transformation has been reduced to be 5% or less, with the introduction of TKIs [14] . In contrast, the current risk of transformation in BCR-ABL1-negative MPNs remains unchanged, at around 4-8% for PV and ET and 23% for MF [15, 16] . Leukemic transformation is associated with adverse clinical outcome, characterized by a poor response and early resistance to conventional therapies. Recent research efforts have addressed the role of mutations frequently identified in leukemic transformation of MPNs ( Figure 3 ) and the candidacy of adenosine deaminase acting on RNA (ADAR) in promoting resistance and relapse in blast crisis CML [17, 18] . To study this further, Rampal and colleagues developed a murine model in which JAK2 V617F is combined with Tp53 loss in vivo [19] . Retroviral transduction of JAK2 V617F cDNA in mouse bone marrow (BM) cells deficient for Tp53 resulted in an acute leukemia in recipient mice resembling an erythroleukemia. Notably, disease from JAK2 V617F /Tp53 −/− cells, but not JAK2 V617F /Tp53 +/+ cells, was transplantable into secondary recipients consistent with increased self-renewal in vivo. This model represents the first model of leukemic transformation of JAK2 V617F mutant MPNs for preclinical use. To this end, the authors tested the utility of JAK inhibitors alone and in combination with other drugs in cells from these mice in vitro and in vivo. Notably, the combination of INCB18424 and decitabine was associated with synergistic inhibitory effects in vitro. Moreover, in vivo testing of INCB18424 and the HSP90 inhibitor PUH-71 was carried out in secondary recipients. Treatment with either PUH-71 or INCB18424 resulted in significant prolongation of survival and reduction of organomegaly compared with control mice. In addition, treatment with PUH-71 extended survival significantly compared with INCB18424. These observations validated the murine model and further studies are ongoing.
Research conducted by Jamieson and colleagues identified that RNA editing by the adenosine deaminase acting on RNA (ADAR) as an important driver of resistance and relapse in blast crisis CML [18] . Through whole transcriptome sequencing of normal, chronic phase, and serially transplantable blast crisis CML progenitor samples, the authors identified increased IFN-γ pathway gene expression in concert with BCR-ABL amplification, enhanced expression of the IFN-responsive ADAR1 p150 isoform, and a propensity for increased adenosine-to-inosine RNA editing during CML progression, particularly in the context of primate specific Alu sequences. Serial transplant and lentiviral shRNA studies demonstrated that ADAR1 knockdown impaired in vivo self-renewal capacity of blast crisis CML progenitors. Together these data provide a compelling rationale for developing ADAR1-based therapeutic strategies for CML. To this end, more recently Jamieson and colleagues studied a humanized RAG2 −/− γc −/− mouse model of blast crisis CML. In this model, a potent BCR-ABL1 inhibitor, dasatinib, combined with the selective JAK2 inhibitor, fedratinib (SAR302503), reduced phospho-JAK2 mediated ADAR1 expression and activity as well as serial transplantation potential. While ADAR1 activation promotes proliferation of normal human hematopoietic stem cells in a tightly regulated manner, increased inflammatory stimuli emanating from the malignant microenvironment combined with heightened BCR-ABL1 oncogene-mediated sensitivity to TNF, IFN and JAK2 signaling promotes RNA editing of self-renewal regulatory transcripts and altered expression of microRNAs involved in reprogramming. Notably, aberrant RNA recoding was effectively reduced in CML progenitors with a combination of BCR-ABL1 and JAK2 inhibition that expunges malignant self-renewal capacity in vivo. Targeted reversal of RNA recoding and malignant reprogramming in inflammatory microenvironments that promote progenitor senescence may enhance cancer stem cell (CSC) eradication in a broad array of human malignancies and provides a strong rationale for reducing both extrinsic and intrinsic JAK2 signaling as a vital component of CSC targeted clinical trials.
Does the order of mutations or the mutations' burden in MPNs matter?
There has been considerable debate as to the determinants of the MPN phenotype. Prchal and colleagues presented whole-exome sequencing and DNA copy-number analysis of 31 JAK2 V617F-positive patients and further investigated the evolution of somatic mutations using longitudinal samples. Five different patterns of 9paUPD (acquired uniparental disomy) were observed [20] . Almost one-half of the patients were heterozygous for JAK2 V617F without 9paUPD (subgroup I); the remaining patients had a duplicate JAK2 V617F allele via mitotic recombination to produce 9paUPD (subgroup II). Ten percent of patients acquired 9paUPD first, followed by JAK2 V617F mutation, yielding patients in subgroup III. In a single female patient, they observed almost complete 9paUPD with a low JAK2 V617F allelic burden (0.24), indicating that the majority of the PV clone was composed of 9paUPD (subgroup IV; this patient was probably in a transient state from 9paUPD with wild-type JAK2 to subgroup III). About 3% of patients with PV exhibited trisomy of 9p, generating two copies of the JAK2 V617F allele (subgroup IV). The genes with recurrent loss of wildtype germline alleles within the aUPD regions could be under selection for the PV phenotype. Forty-eight genes lost their wild-type alleles in at least three patients. Among them, nine genes are related to cell division, seven to transcriptional regulation, four are involved in epigenetic regulation and three are potential tumor suppressors. KDM4C and SMARCA2, which are involved in histone modification and chromatin remodeling, are among them.
In addition to JAK2 V617F and 9pUPD, they identified frequent recurrent somatic mutations in ASXL1, TET2, DNMT3A, SF3B1 and NF1. Forty-two percent of patients had a somatic mutation in at least one epigenetic modifier gene. In four of 31 patients, variant allele abundance suggested that mutation of JAK2 V617F was preceded by other somatic mutations, including ASXL1, DNMT3A and SF3B1. Strikingly, in four patients pre-JAK2 variants were detected at COSMIC codons in one or more PV-related genes, in which somatic mutations across the cohort were discovered in T-cells. To determine whether these COSMIC mutations are truly germline or are acquired and constitute the pre-JAK2 PV clone, but are not sufficient for PV phenotype, these investigators analyzed nonhematopoietic tissues, such as skin or archival tumor biopsies of non-hematological tumors, and observed that in some patients these mutations were indeed germline, i.e. present in nonhematological tissues. This suggests that some pre-JAK2 V617F rare COSMIC mutations are truly germline, and candidates for PV predisposition observed in some families with multiple affected members [21] . It is also of interest that the order of mutation acquisition has been shown to dictate the phenotype of MPN [22] . These observations collectively highlight some of the complexity of PV pathogenesis and support the notion of additional work to clarify matters further.
Is bone marrow histology really important in MPNs?
The current World Health Organization (WHO) MPN diagnostic criteria includes BM morphology as a major criterion in ET and PMF and a minor criterion in PV. The WHO MPN subcommittee defines characteristic BM patterns, often constellations of diverse parameters and not single histological features [23] . This can pose challenges in early MPN stages that may present with thrombocytosis and clinically mimic ET [24] . Prefibrotic/early PMF is another example of a diagnostic challenge but recent studies underlined the stepwise evolution of disease pathogenesis in PMF with significant differences in survival, progression, and complications in comparison to ET [24, 25] . Although evolution to overt MF may occur in ET, the incidence is much lower than in prefibrotic PMF. Histopathology of BM biopsy samples in prefibrotic/early PMF reveals hypercellularity with prominent granulocytic and megakaryocytic proliferation in the absence of fibrosis. Therefore, the demonstration of reticulin fibrosis, although characteristic, is not a required criterion for diagnosis of PMF [26] . The megakaryocytes in PMF are characterized by a more pronounced degree of cytological atypia, compared to those in ET or PV (Figure 4) .
Conversely, BM histopathology in initial ET is usually consistent with an age-matched cellularity and a predominant megakaryopoiesis without a significant erythroid or neutrophilic myeloproliferation ( Figure 5 ) [24, 27] . Gross disturbances of megakaryocyte morphology such as extensive dense clustering or prominent lining of bony trabeculae are normally not detectable [28] . Another area of diagnostic challenge is 'masked' PV (discussed below) [29] . Collectively, there appears to be persuasive evidence that the current WHO BM criteria are reproducible and clinically useful [30, 31] .
The introduction of JAK inhibition in MPN has led to considerable interest in MPN BM histology. A recent international European LeukemiaNet (ELN) project has proposed a set of BM features that characterize therapy response by BM morphology. In analogy to the WHO grading concept for fibrosis [23] , this proposal defines reproducible scoring systems for the grading of collagen deposition and osteosclerosis [32] . The proposed criteria include response categories that suggest disease modification, as well as those that provide objective quantification of drug activity in improving major MPN-associated BM features. Efforts are also assessing the potential clinical impact of histological responses.
What is 'masked' polycythemia vera?
There has been an ongoing debate amongst experts in PV regarding the possible existence of a smoldering or 'masked' phase of the disease and the contribution of BM morphology in this diagnosis [33] . Barbui and colleagues examined the BM features and clinical correlates of 140 patients with JAK2 V617F mutant PV, who met all WHO diagnostic criteria, with the sole exception of the hemoglobin (Hb) levels [29] . In contrast to the WHO Hb levels, stipulated as >18.5 g/dl for men and >16.5 g/dl for women, these investigators' study cohort, operationally referred to as 'masked' PV, had Hb value of <18.5 g/dl for men and <16.5 g/dl for women. They compared the clinical and hematological features of masked PV patients to those of 257 JAK2 V617F -positive PV patients, who satisfied the full WHO diagnostic criteria. The masked PV patients were found to be predominantly men, had platelet counts >450 × 10 9 /L, had experienced more arterial thrombosis, demonstrated significantly higher risk of leukemic transformation and had an inferior survival, compared with the 'control' group. The BM trephine morphology of the masked PV patients demonstrated trilineage hypercellularity (pan-myelosis). These observations suggest that masked PV represents a heterogenous hematological disorder, with some patients sharing features of ET while others resembling overt PV with no patient fulfilling current WHO diagnostic criteria [34] . Thus, masked PV is proposed to be a variant of PV despite lower Hb levels at diagnosis, and has been suggested to be included in the new WHO classification.
Resistance to JAK inhibitors in MF -Myths and Facts
Although various definitions for response and resistance to ruxolitinib have been proposed in the setting of clinical trials in patients with MF, none have been validated in clinical practice. It is assumed that primary resistance entails the absence or minor reduction in spleen size and constitutional symptoms, while spleen regrowth and recurrence of symptoms after a period with good response establish secondary resistance. Several biological mechanisms of resistance have been described. In particular, acquisition of new mutations in the predicted ruxolitinib-binding region was previously shown to confer resistance to JAK inhibitors in vitro [35] [36] [37] . Kiladjian and colleagues studied 41 consecutive MF patients treated with ruxolitinib in a single centre, and aimed to characterize criteria for resistance as well as a molecular signature of resistance [38] . The JAK2 mutation status was determined in all patients with MF. Overall, 16/39 (41%) of patients were considered ruxolitinib-resistant, with only 4/16 exhibiting primary resistance (<10% reduction in spleen size). Median spleen size reduction was 60% in the whole cohort, 50% in patients who developed secondary resistance to ruxolitinib, and 80% in non-resistant patients. Secondary resistance was defined as regrowth of spleen either alone, or associated with recurrence of symptoms or with marked leukocytosis. Median ruxolitinib exposure was longer in ruxolitinib-resistant patients compared to non-resistant patients (median of 383 vs. 292 days). Median starting dose was similar in both groups (15 mg BID), but a higher proportion of patients in the ruxolitinib-resistant group had to reduce the dose to <10 mg BID during follow-up. Among ruxolitinib-resistant patients, there was a higher proportion of patients with high IPSS (56% vs. 39% in non-resistant; p=0.06), and of post-ET MF (38% vs. 26%; p=0.08). Molecular profiling of patients developing ruxolitinib-resistance showed that 31% of them had no mutation detectable at diagnosis in JAK2, MPL, TET2 and SRSF2, compared to 9% of patients in the non ruxolitinib-R group (p=0.003). Sequencing of the JAK2 kinase domain in samples taken at the time of resistance in 14/16 ruxolitinib resistant patients did not detect any new mutations, suggesting that such a mechanism is rarely involved in clinical resistance to ruxolitinib. An interesting possibility, which may merit further investigation, is reactivation of the JAK -STAT signaling following long-term exposure to ruxolitinib [39, 40] .
What can JAK inhibition offer patients with myelofibrosis in 2014?
Ruxolitinib, a JAK1/2 inhibitor, is the only JAK inhibitor licensed for the treatment of MF. The drug accords a substantial and durable improvement in constitutional symptoms, reduction of splenomegaly and prolongs survival, but does not appear to eliminate the disease [7, 8, 41] . Mature outcome data confirm the durability of reduction in splenomegaly and improvements in constitutional symptoms [42] . There are early intriguing data on the drug's effects on the BM fibrosis in some patients [43] . The adverse events attributable to ruxolitinib appear to be relatively mild and generally manageable. Anemia is the most common side effect, sometimes with thrombocytopenia, and may require dose adjustments.
Fedratintib (previously known as SAR302503), a selective JAK2 inhibitor, has been tested in MF patients and the final results of a randomized placebo-control phase-III trial (JAKARTA) are available [44, 45] . The results show a significant improvement in splenomegaly and constitutional symptoms, in addition to some molecular responses and improvements in bone marrow fibrosis. Of interest, results of JAKARTA-2, a phase II study assessing the efficacy and safety of fedratinib in MF patients resistant/refractory to ruxolitib, also demonstrate the drug's efficacy in according improvements in splenomegaly and symptoms [46] . However, despite these positive results, fedratinib was found to be associated with development of Wernicke's encephalopathy in a small proportion of patients, leading to a cessation of further clinical development of the drug in MF until firm causal mechanism can be ascertained. It is of some interest that although the blood thiamine levels of affected patients have not been reported so far, in vitro studies suggest that fedratinib, but not ruxolitinib, inhibits the carrier-mediated uptake and transcellular flux of thiamine in Caco-2 cells [47] . It remains to be seen whether this unique inhibition of thiamine affects other candidate JAK inhibitors.
Preliminary results from several other JAK inhibitors in MF studies, in particular pacritinib (SB1518), momelotinib (CYT387), LY2784544, and BMS911543, also demonstrate benefits, and appear to be relatively safe [48] [49] [50] [51] . Pacritinib, a JAK2/FLT3 inhibitor, is currently being tested in two phase III clinical trials (PERSIST-1 and PERSIST-2), both of which compare pacritinib with best available therapy. Momelotinib is being compared to ruxolitinib, with the hopes of identifying an improvement in momelotinib with regards to anemia. The interim results from a phase II study of a selective JAK1 inhibitor, INCB039110, are less encouraging [52] . The rationale for this trial was to try to distinguish the impact of JAK1 inhibition alone versus combined JAK1/JAK2 inhibition. Major findings are little myelosuppression and considerable improvements in constitutional symptoms, but also only modest reduction of splenomegaly.
There is also interest in a novel telomerase inhibitor, imetelstat, in patients with advanced MF [53] . Early results show improvements in splenomegaly and constitutional symptoms, in addition to improvements in bone marrow fibrosis. Unfortunately, this was associated with a high incidence of severe myelosuppression and hepatic insufficiency, leading to a partial cessation of current clinical trials, which were reopened in June 2014 [54] .
Discontinuation of TKI treatment in CML patients and deep molecular responses
The notion of being able to discontinue TKI therapy safely and effectively is a critical landmark in clinical studies of CML patients today. This is of substantial interest due to impact on quality of life issues, but also related to economic costs of the drug [55, 56] . Currently, most specialists advocate discontinuation only within the framework of a clinical trial, with close molecular monitoring. A principal goal therefore is to define robust molecular criteria, such as a major molecular response (MMR), defined as a 3-log reduction of BCR-ABL1 transcripts compared to baseline, and a complete molecular response (MR), defined rather diversely as a 4-(MR 4 ), 4.5-(MR 4.5 ), or 5-(MR 5 ) log reduction of BCR-ABL1 transcripts. Current treatment guidelines propose the use of MMR after 3 months of TKI therapy as an indicator of an optimal response and a predictor for MR, which is now a candidate marker for long-term success and discontinuation of therapy (50) . There are several ongoing efforts to improve these milestones further by assessing the dynamics of the EMR [58] .
In order to assess the impact of MR on survival, following an optimized dose of imatinib, the German CML study group conducted a five-arm randomized study (Study IV) comparing imatinib 400 mg vs. imatinib plus cytarabine vs. imatinib plus interferon alfa (IFN) vs. imatinib after IFN failure vs. imatinib 800 mg [59] . There is additional interest in such an approach in view of the widely anticipated global increase in the use of generic imatinib in early 2015, and its associated positive pharmacoeconomic impact. After a median observation time of 67.5 months, the estimated 10-year survival was 83% (Figure 6 ), and the cumulative incidences of MR 4.5 were significantly higher in the optimized imatinib cohort; the cumulative response rates of the study cohort, comparing MR 4.5 with CCyR, MMR and MR 4 are depicted in Figure 7 . The CCyR and MR 4.5 rates were ~80% and ~70%, respectively, after 9 years. A landmark analysis at 4 years shows that confirmed MR 4.5 is a significantly better predictor of survival than a CCyR, with no progression to the advanced phase and an estimated 5-year overall survival of 97%. This study also confirmed the notion of MMR by 3 months affording the highest probability of a subsequent MR 4.5 , and potential to discontinue therapy fastest. The study, therefore, supports the notion of using MR 4.5 as a new molecular predictor of long-term outcome in CML patients on TKIs, though overall survival of patients achieving MR 4.5 is not significantly different from those achieving CCyR. Parenthetically, though MR 4.5 was reached by the significant majority of imatinibtreated patients, this landmark was achieved faster with the optimized imatinib 800 mg dosing schedule, and it should be of interest to compare this with the second generation TKIs.
Conclusion
It is remarkable to witness how basic and preclinical studies continue to define MPNs, and how many of the lessons learned from CML are now being applied to improve our knowledge of BCR-ABL1-negative MPNs. For patients with CML, the introduction of TKIs resulted in multiple achievements. First, it established that the BCR-ABL1 translocation is of principal pathogenic importance in the disease. Second, it established the usefulness of TKIs to accord a survival benefit to the majority of patients with CML in chronic phase. Indeed, the natural history of all BCR-ABL1 + leukemias has been improved by the introduction of TKI therapy. Dasatinib and nilotinib produce CCyR and MMR at higher rates and at a much faster pace than imatinib and current results suggest superior rates of freedom from progression. Furthermore most, though not all, side effects are easily manageable [60] . Drug resistance, despite BCR -ABL1 inhibition, however, remains a problem. Recent efforts to better understand underlying molecular mechanisms of TKI resistance suggest a role of cytoplasmic mislocalization of p27, a nuclear cyclin dependent kinase (Cdk), and further work is ongoing [61, 62] . For patients with BCR-ABL1-negative MPNs, the introduction of JAK inhibitors have not resulted in such impressive results, rather a qualified progress has been made. In patients with MF, JAK inhibition provides substantial symptomatic benefits, reduction in splenomegaly and improved survival, but no significant impact on the malignant clone. Thus, efforts to improve the natural history of the disease through targeting of JAK kinases and other targets continue [63] . CALR gene. (A) Calreticulin (CALR) domain structure. CALR protein has three distinctive domains (N, P, C). The P-domain is involved in the chaperone function. The C-domain is rich in acidic amino acids and contains the high capacity, low affinity calcium binding site. The last four C-terminal amino acids (KDEL) are the endoplasmic reticulum retention signal. (B) Variability of CALR exon 9 insertion/deletion mutations found in MPN. Type 1 and type 2 mutations are most frequent and together they are present in over 85% of CALR mutated cases. (C) Impact of MPN associated mutations on CALR protein structure. Despite the diversity of mutations found in the CALR gene exon 9, the impact on the protein structure is very similar. The two most common CALR insertion/deletion mutations found in MPN (type 1 and type 2) are shown, which frameshift to the same alternative reading frame. This results in a novel C-terminus of the mutant CALR that turns into a positively charged peptide lacking the calcium binding and KDEL regions. Model of current understanding of genetic events responsible for leukemic transformation of chronic BCR -ABL1 negative myeloproliferative neoplasms (MPNs). Although JAK2 V617F mutations are sufficient for development of MPN phenotype, a large amount of evidence suggests that earlier genetic events predate development of the JAK2 V617F mutations to establish a "pre-leukemic" MPN initiating cell. Mutations in TET2 as well as DNMT3A have been most frequently described as predating JAK2V617F mutations in patients with MPN. Acquisition of the JAK2 V617F mutation then results in overt MPN clinical disease. Later, acquisition of further mutations, either in a cell bearing the JAK2 mutation or a JAK2 wild type cell results in transformation to acute leukemia. Currently, few studies regarding leukemic transformation of CALR-mutant chronic MPN patients have been described. Survival with CML over time: the German CML-study group experience. The data comprise 3682 patients from five randomized trials over the period 1983 -2013. 
